Controlled self-assembly of fluorinated FePt nanoparticles from different solvent mixtures has been used to create superhydrophobic surfaces with varying topology and stickiness towards water. The ability to tune surface stickiness provides a means for fluid handling, as demonstrated by surface-to-surface transfer of water droplets.
Introduction
Inorganic nanoparticles (NPs) are highly attractive as potential building blocks for future nanotechnology, due to their controllable properties, which change with core material, size, and shape.
1 Apart from the size and shape control, self-assembly of these NPs is increasingly recognized for the modulation of novel collective properties due to controlled interaction between the NPs.
2 Self-assembly has been used for organizing NPs into multidimensional close-packed ordered arrays by simply controlling the evaporation of the dispersing medium.
3
Superhydrophobic surfaces, with water contact angles (CAs) higher than 150
, have attracted great interest in material research for their potential applications, ranging from selfcleaning surfaces to microfluidic devices.
4,5 These surfaces, usually exhibit both large water CA and small water sliding angle (SA), and are normally achieved by combining appropriate surface roughness and deposition of low surface energy materials, e.g. fluorinated compounds.
6,7
Surfaces with large SA that exhibit sufficiently high adhesive force to water likewise attracted attention for applications in liquid transport and analysis of very small volumes of water samples. Recently, Jiang et al. have reported superhydrophobic surfaces formed by aligned polystyrene nanotubes with CAs of up to 162 , that even when tilted by 90 and upside down did not release the water droplet sitting on it.
8 In another report, Guo et al. showed a sticky superhydrophobic surface from a hydrophilic aluminium alloy. Recently, we have shown the formation of hydrophobic to superhydrophobic surfaces based on self-assembly of $2.5 nm FePt NPs with varying amount of fluorinated ligands by controlling solvent-evaporation rate or deposition method.
10
Fully fluorinated FePt NPs showed crystalline assemblies ranging from sub-micrometre size to several microns, achieving superhydrophobic surfaces by a simple solvent evaporation.
Herein we demonstrate control over topology and stickiness of superhydrophobic surfaces formed by self-assembly of fully fluorinated FePt NPs from different solvent mixtures (Scheme 1). By simply varying the solvent used for drop-casting, a wide range of surface morphologies were produced. This change in morphology is functionally significant; superhydrophobic surfaces can be formed featuring very low or very high adhesion to water using a single precursor.
Experimental

Materials
HFB was purchased from Oakwood Chemicals. All other starting materials were purchased from Sigma-Aldrich except iron pentacarbonyl, and dodecylamine, which were bought from Fischer Scientific and used without further purification.
NPs synthesis and films preparation
Synthesis of FePt NPs. The synthesis of oleic acid-and oleylamine-coated NPs and further place-exchange reaction with fluorinated ligands has been reported before. 10 In brief: under an argon atmosphere, platinum acetylacetonate (197 mg, 0.5 mmol), 1,2-hexadecanediol (390 mg, 1.5 mmol) and dioctylether (20 mL) were mixed and heated to 100 C. Oleic acid (0.16 mL, 0.5 mmol), oleyl amine (0.17 ml, 0.5 mmol), and Fe(CO) 5 (0.13 mL, 1 mmol) were added at this temperature. The mixture was further refluxed for 30 min, cooled down to room temperature and precipitated using ethanol. NPs were purified by dispersing them in hexane followed by re-precipitation using ethanol. NPs were finally re-dispersed in dichloromethane (DCM).
Place-exchange reaction of FePt. In brief: 50 mg of the alkylcoated FePt NPs were dissolved in 5 mL DCM with 200 mg of perfluorododecanoic acid in 0.5 mL of acetone and 200 mg of 1H,1H,2H,2H-perfluorodecanethiol. The resulting mixture was purged with argon and heated for 2 days at 40 C in a closed vial. Solvents were removed under reduced pressure. Excess ligands were removed by washing the NPs with acetone. The resulting black residue was re-dispersed in HFB.
Surface coating. NP films were fabricated from different solvent systems by drop casting $100 mL solutions on freshly cleaned silicon substrates. Solvents were allowed to evaporate in an ambient environment. After complete solvent evaporation, samples were placed in high vacuum to remove any trapped solvent inside the NPs film.
Characterization
Field emission scanning electron microscopy (FESEM) images were acquired on a JEOL 6320FXV FESEM at an accelerating voltage of 5 kV after gold sputtering. Water CAs were measured on a VCA-Optima XE Surface Analysis System (AST Products Inc.) at ambient temperature. For small-angle X-ray scattering (SAXS) measurements, samples were prepared by drop-casting the NP solutions onto a $1 cm 2 piece of Mylar film. The sample was allowed to fully dry. Spectra were acquired on a molecular metrology instrument producing an X-ray l of 0.0154 nm. The scattering intensity is presented as a function of the wave vector q ¼ (4p/l) sin(2q/2), where 2q is the scattering angle. The q value of maximum intensity was converted to distance through the relationship q ¼ 2p/d, where d is the distance in nm.
Results and discussion
Fluorocarbon-coated $2.5 nm FePt NPs were synthesized by exchanging the originally coated oleic acid-and oleylaminefunctionalized FePt NPs with perfluorodecanethiol and perfluorododecanoic acid following a reported protocol.
10 Verification of successful place-exchange reaction was confirmed by X-ray photoelectron spectroscopy measurements and thermal gravimetric analysis as reported before. NPs dispersion in HFB (FePt HFB ) or 1 : 1 mixtures of pentanol, butanol or acetone with HFB (FePt 0.5P , FePt 0.5B and FePt 0.5A , respectively) were dropcasted onto a clean silicon substrate; followed by a simple solvent evaporation.
The surface wettability of the as-prepared substrates was studied by static (q s ), advancing (q A ) and receding (q R ) CA measurements, as well as measuring the water SA, reported in Table 1 . q s of all NP films showed no dependency on the composition of the dispersing medium and was documented as $150
. Examination of the q A and q R CA measurements allowed us to evaluate the hysteretic nature (q A À q R ) of the different films formed. The FePt HFB , FePt 0.5P , FePt 0.5B and FePt 0.5A , films showed contact angle hysteresis of 19 , 11 , 13 and 121 , respectively, which is in agreement with the measured SAs of 15 , 9
, 12 and no sliding, respectively. FESEM was used to examine the effect of the different solvent systems on the films morphology. Fig. 1 shows FESEM analysis of the films, indicating different degrees of surface roughness and porosity of the samples. The FePt HFB film showed crystalline NP assemblies ranging from sub-micrometre to several microns (Fig. 1a) . A relatively flat surface consisting of cracks, as well as star-shaped features of 60-80 microns was observed in the case of FePt 0.5P films (Fig. 1b) . On the other hand, the FePt 0.5B film showed ribbon-like structures of a few microns in length with micron-sized crystalline aggregates (Fig. 1c) . The highly rough crystalline NPs aggregates found in FePt HFB , FePt 0.5P , FePt 0.5B film surface allows the water to partially sit on the air pockets trapped between the crystals, rendering the superhydrophobicity with low SA.
In contrast, the FePt 0.5A surface showed relatively small crystalline NP assemblies with more void spaces, nano-orifices, (Fig. 1d) that the water droplet does not slide off the surface even when the surface is tilted vertically (Fig. 2c ) or turned upside down (Fig. 2d) when the critical weight of water droplet is as high as 6 mg, indicating a strong adhesion between the surface and the water droplet. Though a completely different morphology is observed with FePt HFB and FePt 0.5A surfaces, SAXS confirms that both of them have the same inter-NP spacing of 4.7 nm (see ESI ‡). These SAXS data suggests that the local environment of the NPs remains unaltered and only macroscopic structure of the surface changes during the assembly process. We believe that the enhancement of capillary forces between the nanoorifices of the FePt 0.5A surface and the water leads to the high water adhesion. The difference in topology and surface structures of the samples is attributed to the different boiling points of the solvents used in the mixtures. For the FePt HFB , FePt 0.5P , FePt 0.5B systems, the size and structures of the crystallites is dictated by the evaporation of the HFB component. Since the NPs are only marginally soluble in butanol and pentanol, and their boiling points are higher than that of HFB, the NPs are slowly assembled into micron-sized crystals as the HFB evaporates. In the case of the FePt 0.5A system, the precipitation of the NPs occurs from a co-solvent, which gives rise to fast precipitation and small crystallites.
To assess the effect of acetone on the NPs assembly process, we have studied the properties of surfaces formed with a varied ratio of acetone to HFB. Films made from HFB-acetone ratios of 1 : 0.25, 1 : 0.42, 1 : 0.67, and 1 : 0.82 show superhydrophobic character (q s more than 150 ) with contact angle hysteresis of 20 , 15 , 18 and 55 , respectively, again in agreement with measured SAs of 18 , 17 , 20 and 50 , respectively. NP films deposited from 1 : 1 ratio of acetone-HFB and above (over 50% acetone), do not release the droplet, which supports the contact angle hysteresis of more than 110 (Fig. 3) . This experiment suggests that at least 50% acetone is needed to make the surface change its wetting characteristics, rendering it sticky to water. For low percentages of acetone in the mixture, quick evaporation of the acetone does not create a major change in the precipitation conditions resulting in surface morphology similar to that formed by FePt HFB only and similar wetting behaviour. As before for 50% and higher acetone in the mixture, the evaporation of the low boiling point acetone creates an unstable solution that precipitates to form a different morphology and wetting character. Fig. 4 shows high-resolution FESEM images of the surfaces drop-casted from (a) HFB, (b) HFB-acetone ratio of 1 : 0.82, and (c) HFB-acetone ratio of 1 : 1. Moving from HFB to mixtures of HFB and acetone shows smaller size and more rounded crystallites coupled with a pronounced increase in the number of air voids between that contribute to the sticky nature of the surfaces.
To demonstrate the usefulness of the stickiness of the surface to water, we designed a liquid-transfer experiment (Fig. 5) . Two superhydrophobic surfaces, one non-sticky and another sticky, were fabricated using FePt HFB and FePt 0.5A , respectively. A droplet of water is placed on the FePt HFB surface (Fig. 5a ) and then brought close to a sticky FePt 0.5A surface. Upon contact the water droplet sticks to the FePt 0.5A surface (Fig. 5b and c) , and finally transferred to it when the substrates are pulled apart (Fig. 5d , a movie of the process is available in the ESI ‡).
Conclusions
In summary, we have presented a very simple method for forming superhydrophobic sticky and non-sticky surfaces based on self-assembly of fluorocarbon-coated FePt NPs from different solvent systems. Using different solvent mixture compositions allowed us to control the surface morphology of the drop-casted films formed, which in turn controls the wetting of the surfaces. The use of the NPs building blocks allows control of both micron and nanometre length scale morphology, while also reducing the surface energy using fluorinated ligands. These results offer an opportunity to further understand the wettability of solid surfaces based on NPs assembly. This methodology can be easily transferred to other NP systems that offer also optical, electrical and magnetic properties.
